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Abstract

The vision of the National Oceanic and Atmospheric Administration's (NOAA)
Warn-on-Forecast (WoF) research and development project is to provide very
short-term probabilistic model guidance products that will aid the ability of
National Weather Service forecasters to issue probabilistic warnings of severe con-
vective hazards with higher accuracy and longer lead times. The experimental
Warn-on-Forecast System (WoFS), which is under development, is a frequently
cycled, regional, convective-scale, on-demand, ensemble data assimilation and pre-
diction system. The system assimilates thunderstorm observations to forecast the
life cycle and associated hazards of individual convective storms. Most of the ini-
tial research effort, since the beginning of the WoF project in 2009, has been
focused on tornadic events, which constitute one of the most violent and difficult
to predict weather threats. However, the system emerging from this project has
significant potential to help with prediction of other hazards as well: in particu-
lar, flash-flood-producing, convectively driven intense rainfall events. This study
focuses on the application of WoFS in 0—6-hr probabilistic rainfall forecasts of sev-
eral flash-flood-producing heavy rainfall events during the spring and summer of
2015 and 2016. Results indicate that WoFS successfully initializes the convective
storms in the ensemble. Visual inspections and probabilistic verification metrics
show that WoFS predicts the intense rainfall that often leads to flash flooding at
the correct location with higher accuracy in areal coverage and amount during the
0-3 hr forecast period than during the later 3—6 hr period. Overall results indicate
that the frequently updated 0—6-hr ensemble forecast from the WoFS has the poten-
tial to highlight areas where intense rainfall can result in flash flooding and increase

near-term situational awareness of flash flood threats.
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INTRODUCTION
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The Warn-on-Forecast (WoF) project (Stensrud et al., 2009,
2013) at the National Oceanic and Atmospheric Administra-
tion's (NOAA) National Severe Storms Laboratory (NSSL)
aims to enable a new paradigm for National Weather Service
(NWS) severe weather watch-to-warning operations, where
convective-scale probabilistic numerical weather prediction
(NWP) model guidance is the key resource. The outcome
of NSSL's several years of research and development efforts
(Dawson et al., 2012; Yussouf et al., 2013a, 2013b, 2015;
Wheatley et al., 2014; 2015; Jones et al., 2016; Skinner et al.,
2016) since the beginning of the WoF initiative in 2009 is an
experimental Warn-on-Forecast System (WoFS). The system
is a rapidly updating, regional, convective-scale, on-demand,
ensemble data assimilation (DA) and prediction system that
provides very short-term probabilistic model guidance for
tornadoes, heavy rainfall, large hail, damaging straight-line
winds and other convective hazards. The WoFS developers
are working on continuous improvements and enhancements
of the system, based on findings from rigorous quantitative
and qualitative case study evaluations and real-time testing
during peak severe weather season in the United States.

The initial focus of the WoFS is to improve ~1-2-hr
probabilistic forecasts of low- and mid-level rotations of indi-
vidual convective storms (Yussouf et al., 2013a, 2013b, 2015;
Wheatley et al., 2015). While tornadoes are one of the most
violent severe weather hazards, floods and flash floods are a
major cause of weather-related deaths and property damage
in the United States (www.nws.noaa.gov/om/hazstats.shtml)
and around the world (e.g., https://public.wmo.int/en/media/
news/new-report-highlights-economic-cost-of-disasters).
For instance, in 2015, a combination of river and flash flood-
ing was responsible for the largest number of weather-related
fatalities for the year, almost double that of tornadoes and
high-temperature-related deaths combined. Therefore, it is
crucial that forecasters have accurate model prediction of
intense rainfall events that have the potential to produce flash
flooding. As such, accurate short-term probabilistic model
forecasts of flash-flood-producing heavy convective rainfall
events are essential and align with the objectives of NOAA's
WOF project.

Recent work by Yussouf et al. (2016) demonstrates the
potential of the WoFS to produce skillful short-term extreme
rainfall forecasts. This study of the May 31, 2013 Oklahoma,
USA tornado and flash flood event shows that the system
predicts not only the high low-level mesocyclones associ-
ated with the El Reno tornado but also short-term intense
rainfall that matches the observed rainfall well in terms of
location and amount. The ensemble-derived probabilistic
rainfall guidance from assimilating operational Weather
Surveillance Radar-1988 Doppler (WSR-88D) reflectivity
and radial velocity observations is more skillful than the

rainfall forecasts from an experiment with no radar DA.
Heavy rainfall associated with deep moist convective sys-
tems often occurs on small spatial and temporal scales and
numerical prediction of the location, timing, and intensity of
rainfall is challenging (Sun et al., 2014; Schumacher, 2017
and references therein). Even though the convective-scale
numerical models are constrained by rapid error growth, the
forecast length of the WoFS is extended out to 6 hr to evaluate
the potential utility of the system in predicting a flash flood
threat, which is defined as “the flooding that begins within
6 hr, and often within 3 hr, of the heavy rainfall or other cause”
(https://www.weather.gov/phi/FlashFloodingDefinition).

To explore the robustness of WoFS in forecasting
short-term intense convective rainfall, the current study sim-
ulates multiple retrospective heavy rainfall and flash flood
events from the 2015 and 2016 warm season. The WSR-88D
reflectivity, radial velocity, and all other available conven-
tional observations are assimilated into the frequently cycled,
36-member WoFS ensemble at 3-km horizontal grid spac-
ing. A continuum of 0—6-hr ensemble forecasts is initialized
from the frequently adjusted ensemble analyses as new storm
observations become available. The goal is to assess how
accurately the system can predict the location, timing, and
intensity of heavy rainfall, which in turn can enhance the
forecast of flash floods with longer lead time.

An overview of the heavy rainfall events that are simulated
retrospectively in this study is given in section 2. The experi-
mental WoFS configuration is described in section 3. Section
4 discusses the DA performance and the ensemble forecasts.
A summary and concluding remarks are found in section 5.

2 | SUMMARY OF THE EVENTS

The NOAA Weather Prediction Center's (WPC) Day
1 excessive rainfall outlook (ERO) for five significant
flash-flood-producing heavy rainfall events (Figure 1) simu-
lated using the WoFS ranges from slight to high risk (Table 1).
Convection started during the late afternoon hours and contin-
ued into the evening hours and overnight to the next day. The
timing and location of the first flash flood report for events
of interest are also listed in Table 1. The convective-scale
regional 3-km domains used in each experiment are shown
in Figure 2, with the local storm reports obtained from
the National Center for Environmental Information's (NCEI)
Storm Data publication. A brief overview of the five heavy
rainfall events used in this study is given below.

21 |
event

April 26-27, 2015 north—central Texas

A fairly classic severe weather setup for the southern
Plains was present on April 26, 2015. Convergence along
the dryline promoted convection initiation around 1800 UTC.
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(b) 0000 UTC 7 May 2015

NEXRAD _1KM

FIGURE 1 Composite reflectivity (courtesy of http://www2.mmm.ucar.edu/imagearchive/) valid at 0000 UTC on (a) April 27, 2015, (b) May
7,2015, (c) May 24, 2015, (d) May 27, 2015, and (e) July 31, 2016 [Colour figure can be viewed at wileyonlinelibrary.com].

The combination of instability with a strong deep layer
and low-level shear favored the development of supercells
from the incipient convection. Numerous reports of large
hail and tornadoes occurred over north—central Texas during
the late afternoon hours (Figure 2a). A pair of supercell

thunderstorms stalled and eventually merged over John-
son and Ellis counties during the late evening hours
(Figure 1a), producing heavy rainfall and causing significant
flash flooding. Several roads were flooded or washed out
across the region.
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TABLE 1 Thelist of flash-flood-producing heavy convective rainfall events used in this study

Date

April 26-27, 2015
May 6-7, 2015
May 23-24, 2015
May 25-26, 2015
July 30-31, 2016

Geographic location

North—central Texas
Central Oklahoma
South—central Texas
Southeast, Texas

Maryland

WPC's day? excessive

rainfall outlook
Moderate

Slight

Moderate to high
Slight to moderate

Slight

First flash flood report®1
(Date, UTC, County)

20150427, 03:57 Johnson
20150506, 23:13 McClain
20150523, 21:40 Kendall
20150525, 23:52 Brazos
20160731, 00:18 Montgomery

https://mesonet.agron.iastate.edu/request/gis/Isrs.phtml

(b) 5-6 May, 2015

(©

aan o[ ] ]

23-24 May, 2015

(a) 26-27 April, 2015

T T T T T T T T T3]

36°N — 38°N -

-l=l=|_ﬂ_--n.
:!Eiié'él

36°N —

30°N —

[ [T] i
RN ‘!.'ﬂs'rf"l

o .-l Mgl S
LTS LT
e

2

T
P
LSS

34°N —

] .-.-.-I
e S
EEercuiuied

28°N —
30°N —

102°W 100°W 98°W 96°W

(d) 30-31 July, 2016

34°N

¢ Flash flood
Hail

+ Tornado
Damaging Winds

30°N —

28°N —

FIGURE 2 The convective-scale domains for the five case studies used in the DA and forecast experiments. Overlaid are the local storm
reports obtained from NCEI's Storm Data publication valid between 2100 UTC and 0600 UTC the next day. Details are shown in the legends [Colour
figure can be viewed at wileyonlinelibrary.com].

the previous day, resulting in flash flooding in multiple loca-
tions (Figure 2b). Fifteen tornadoes were also reported across

22 |

Convective potential was reasonably high over central Okla-

May 6-7, 2015 central Oklahoma event

Oklahoma during the afternoon and early evening hours,

homa in the afternoon of May 6, 2015 with ~ 1,500J/kg
of MLCAPE and 40 knots of deep-layer wind shear around
1900 UTC. Supercells began to form across southwestern
Oklahoma at ~ 2000 UTC. These storms moved slowly
northeast and began to backbuild over the Oklahoma City
metropolitan area (Figure 1b), producing anywhere from 1
to over 3 inches of rain over the region. Many locations in
the area had received from 2 to more than 4 inches of rain

including two EF-3s and one EF-1 within the Oklahoma City
metropolitan area.

23 |
event

May 23-24, 2015 south—central Texas

The combination of instability and deep-layer shear promoted
multiple rounds of heavy thunderstorms over the area from
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the late afternoon hours of May 23 to the early morning hours
of May 24, which led to widespread rainfall of 6-8 inches
(Figures 1c and 2c). Significant flash and river flooding
within the Blanco River basin resulted in major impacts to life
and property across the region.

24 |

During the evening hours of May 25, an intense MCS
approached the region while isolated supercells developed
to the southwest. As the leading edge of the MCS convection
sagged southward, it merged with the northeastward-moving
supercells over the southwest/western portions of the Hous-
ton, Texas metropolitan area (Figures 1d and 2d). Convection
continually trained over the area and the western portions of
the city of Houston experienced over 152.4 mm (6 inches) of
rainfall. The addition of this event to the heavy rainfall of the
previous days/weeks produced record flooding across Hous-
ton, and resulted in the issuance of a flash flood emergency
for that area by the National Weather Service at 0452 UTC on
May 26, 2015.

May 25-26, 2015 southeast Texas event

2.5 | July 30-31, 2016 Ellicott City,
Maryland event

Torrential rainfall occurred during the early to mid-evening
hours in the Ellicott City, Maryland area, causing severe
flash flooding and destruction to numerous buildings in the
historic Old Town portion of the city (Figure 2e). Sev-
eral convective cells ahead of a larger area of rain fol-
lowed by a west—east oriented band (Figure le) of intense
rainfall produced nearly 5.5 inches of rain in 90 min in
Ellicott City.

3 | DESCRIPTION OF AN
EXPERIMENTAL WARN-ON-
FORECAST SYSTEM

The experimental WoFS uses the Advanced Research
Weather Research and Forecasting (WRF-ARW version
3.8.1; Skamarock et al., 2008) NWP model and the Com-
munity Gridpoint Statistical Interpolation (GSI: DTC, 2017a;
Kleist et al., 2009) based ensemble Kalman filter (EnKF:
Houtekamer et al., 2005; Whitaker et al., 2008; DTC, 2017b)
DA system (GSI-EnKF hereafter), which is used as a com-
ponent within the United States NWS operational DA system
(Wang et al., 2013). The configuration of the experimental
WOoFS used to conduct this study is similar to that used by Yus-
souf et al. (2015, 2016). A 3-km horizontal grid spacing inner
domain is nested within a parent grid at 15-km grid spacing
that covers the continental United States (Figure 3a) and is run
simultaneously in a one-way nested setup. Both domains have
51 identical vertical grid levels, with grid spacing ranging

Royal Meteorological Society

from less than 100 m near the surface to greater than 1 km
at the model top. The parent mesoscale ensemble provides
the boundary conditions for the nested inner convective-scale
ensemble. The placement of the nested domain depends on
the severe weather event of interest and covers the region
where convection develops. The nested convective-scale
domains for the five case studies are shown in Figure 2.
A 36-member multi-physics ensemble is initialized at
0000 UTC on the day of the event (Day 1) using analyses
from the Global Ensemble Forecast System (Toth ez al., 2004;
Wei et al., 2008). Different combinations of physics schemes
(Table 2) are applied to each ensemble member to account
for model physics uncertainties (e.g., Stensrud et al., 2000;
Fujita et al., 2007; Yussouf et al., 2015, 2016). Both the outer
and inner domains use the same physics options except for the
cumulus parametrization scheme, which is turned off in the
inner domain. The ensemble system uses the double-moment
NSSL microphysics scheme (Mansell ez al., 2010).

The GSI system is used for observation preprocessing and
calculation of ensemble priors and the EnKF system is used
for DA. To create the mesoscale background in the ensem-
ble system, pressure, temperature, water vapor, and horizontal
wind components from National Centers for Environmen-
tal Prediction (NCEP) “prepared” BUFR (Binary Universal
Form for the Representation of meteorological data) format
(PrefBUFR) conventional observations are assimilated every
hour (Figure 3b) from 0100 UTC on the day of the event
(Day 1) to 1000 UTC on the next day (Day 2).

The 1800 UTC convective-scale analyses from the hourly
updated system are used as the background (prior) and storm
observations are assimilated only in the convective-scale
domain using the GSI-EnKF DA system (Johnson et al., 2015;
Wang and Wang, 2017). Observations include reflectivity and
radial velocity from all operational WSR-88D radars that are
located within the nested convective-scale domain (Figure 2),
in addition to the aforementioned conventional observations.
The hourly updated mesoscale ensemble provides the bound-
ary conditions for the convective-scale system and is cycled
every 15 min for a 10-hr period until 0400 UTC the next day
(Figure 3c). The radar observation quality control and prepro-
cessing are similar to those of Yussouf ef al. (2015, 2016).
The observation-error standard deviations are assumed to be 5
dBZ for reflectivity and 2 m/s for Doppler velocity. In addition
to the relaxation to prior spread (RTPS: Whitaker and Hamill,
2012) technique, which inflates the posterior ensemble spread
to a fraction (inflation factor of 0.95 in this study) of the prior
ensemble spread at each assimilation cycle, an additive noise
technique is used on the ensemble during DA to maintain
spread (Dowell and Wicker, 2009).

A continuum of 0-6-hr convective-scale ensemble fore-
casts are generated from the frequently adjusted ensemble
analyses system approximately 1-2 hr prior to the first flash
flood report (see Table 1). The evolution of the storms in
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(a) Multiscale Domain
(b) Multiscale Data Assimilation Experiment
Day 1 *

Day 2
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0300 0400

:15:30 :45:00 :15 :30 :45 :00

:15:30 :45 :00

Every 15-min EnKF DA (Time in UTC)

6-hr storm-scale ensemble forecasts
1900 UTC A

2000 UTC

FIGURE 3

6-hr storm-scale ensemble forecasts

(a) The multiscale scale domain with the 15-km horizontal grid-spacing mesoscale domain covering the Continental United

States and the nested 3-km convective-scale domain centered over the area of interest. (b) The timeline of the hourly multiscale DA experiments.

(c) The timeline for the 15-min cycled convective-scale DA and 0—6-hr ensemble forecast experiments [Colour figure can be viewed at

wileyonlinelibrary.com].

the ensemble forecasts is evaluated for the five case studies.
Of particular interest in this study is the assessment of how
well these 0—6-hr ensemble forecasts simulate heavy rainfall
hazards.

4 | RESULTS AND DISCUSSION

41 | EnKF performance

The observation-space diagnostics for both reflectiv-
ity and Doppler velocity (Yussouf et al., 2013a, 2015,
2016; Wheatley et al., 2015) are calculated to assess the

performance of the EnKF system during the 10-hr long con-
tinuous radar DA period (Figures 4 and 5). The diagnostics
evaluated are the mean innovation (observation — model),
total ensemble spread and root-mean squared innova-
tion (rmsi), and the consistency ratio from the prior (or
background).

The rmsi, which is a measure of the overall fit of the
observations to the forecasts and analyses, starts with a higher
value of 12-14 dBZ for reflectivity, but the error decreases
with subsequent assimilation cycles and becomes fairly sta-
ble (Figure 4a,c,e,g,i). For Doppler velocity observations, the
rmsi remains generally the same for the entire DA period
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TABLE 2 The physics parametrization options used for the 36-member multiphysics experimental WoFS. Here IC, BC, PBL, SW, and LW
stand for initial condition, boundary condition, planetary boundary layer, shortwave, and longwave, respectively

Multiphysics ensemble system

Ensemble
member

O o 9 AN kAW N =

L Y S Y R T I V™ B o T S I O R S I O L N A N S S S e o e e T e e R e e e
A L A WD = O O 0NN R WD = OV NN N R W NN = O

GEFS member
for IC and BC

O 0 N N K kA W N =

[ e T T T e S e e e S e T e S
S = N W kA LN N 0 0NN N R WD = O

N W A LN 0 O

—

Cumulus

(15-km grid only)

Kain—Fritsch

Grell-3

Tiedke

Kain—Fritsch

Grell

Tiedke

Micro-physics

NSSL-2M

NSSL-2M

NSSL-2M

NSSL-2M

NSSL-2M

NSSL-2M

PBL
YSU
YSU
MYJ
MYJ
MYNN2
MYNN2
YSU
YSU
MY]J
MY]J
MYNN2
MYNN2
YSU
YSU
MYJ
MYJ
MYNN2
MYNN2
YSU
YSU
MY]J
MY]J
MYNN2
MYNN2
YSU
YSU
MYJ
MYJ
MYNN2
MYNN2
YSU
YSU
MY]J
MY]J
MYNN2
MYNN2

Land surface

Noah-MP

Noah-MP

Noah-MP

Noah-MP

Noah-MP

Noah-MP

SW radiation
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG
Dudhia
RRTMG

LW radiation
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG
RRTM
RRTMG



2392 T —— YUSSOUF AND KNOPFMEIER

Royal Meteorological Society

Reflectivity 26-27 April, 2015 Doppler Radial Velocity

—
Q
~
—

O
~

4
N innov (obs-model) -
o 12 total spread . @
'db © 1S 3
g c 10 S c
o) B
= C = o
Q. 8 Qo
7] % 2 g 2
B> 6 g 8
§ 2 § 8 —— innov (obs-model)
- 4 & £ 1 —— total spread
[0] = "
c c — rmsi
Eg » ES
g o 0 (A\’WW‘\(“W‘W
0 S
6-7 May, 2015
(© (d) s
E 12 » 30
-~ 5 €
g c 10 S 2.5
£ o =
S 5 c 20
a6 8 e
» = — %= 15
g3 ° £ 3 10
2 € 4 S os
£ S 2 £§ 0.0
€ o £ 05

23-24 May, 2015

—
D
~
—

)
~

N 14 % a0
gt gE o 1 AMMMMAMMMMMMM
35 B I
é'; : é% 0:5

g . OE, Z:: T i e N N N

25-26 May, 2015
h)

—
«Q

-
—

12

10

o

rmsi, total spread,
mean innovation in dBZ
S o
rmsi, total spread,

mean innovationinm s

30-31 July, 2016

—~
=~
P
=

~

14
12 3.0

2.5
10
2.0
15
1.0

0.5

o0 %

rmsi, total spread,
mean innovation in dBZ

rmsi, total spread,
mean innovation in m s

0.5

FIGURE 4 The observation-space diagnostic statistics of root-mean-square innovation (rmsi), total ensemble spread and mean innovations
for assimilated (a, c, e, g, i) reflectivity (dBZ) and (b, d, f, h, j) Doppler velocity (m/s) observations, respectively, during the 10-hr DA period in the
convective-scale domain for the five case studies. The sawtooth patterns are due to the plotted forecast and analysis statistics [Colour figure can be
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(Figure 4b,d,f,h,j). The total spread and the rmsi are rea-
sonably similar in magnitude for both Doppler velocity and
reflectivity, indicating that the ensemble spread is representa-
tive of the forecast error for the 15-min cycle of the WoFS.
The mean innovation measures the forecasts and anal-
ysis bias. The mean innovation is positive for reflectivity,
which reveals that the ensemble system underpredicts reflec-
tivity during the entire assimilation period (Figure 4). The
mean innovation for reflectivity starts with a higher value,
which is largely due to initial spin-up of storms in the
model but decreases with time, and varies within the range
0.5-2.0 dBZ during the later time of the DA period. For
Doppler velocity, the mean innovation is very close to O
(=0.5 ms™! or less) during the entire DA window for all
five cases. The slight overprediction, also seen in previous

studies (Yussouf et al., 2015, 2016), is likely attributable to
differences in observation geometry and model grid spac-
ing, model physics, precipitation fall speed or a combination
of all.

For the assumed observation error, if the prior ensem-
ble variance is a good approximation of the forecast-error
variance, the consistency ratio should be close to 1.0. The
consistency ratio for reflectivity remains within the range
0.4-0.9 (Figure Sa,e,i,m,q). The initial value of the consis-
tency ratio for the Doppler velocity is 0.5, which increases
rapidly with the continuous DA cycles to magnitudes in the
range of 0.8—1.2 (Figure 5b,f,j,n,r). Although the values of the
consistency ratio are in a good range, the total spread in each
case remains rather constant in time, particularly for reflec-
tivity. Future work will incorporate and test other variants of
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(a) 0-1 h PMM Rainfall Forecast (b) Observed Stage I'V Analysis

(C)  0-1 h PMM Rainfall Forecast

(d) Observed Stage IV Analysis
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Forecast Initialized at 2100 UTC, valid 2200 UTC 30 July 2016

FIGURE 6

Forecast Initialized at 0100 UTC, valid 0200 UTC 26 May 2015

1-h Rainfall Forecast

3.17 12.7 25.4 50.8 76.2 101.6 127 177.8 mm
025 050 1.0 20 30 40 50 6.0 in

(a, c, e, g, 1) Probability-matched mean (PMM) 0—1-hr rainfall forecasts (in mm and inches, see color bar) for the five cases, as

well as (b, d, f, h and j) NCEP's Stage-IV 1-hr accumulated rainfall analyses valid at the same time. A neighborhood radius of 15 km is used to

calculate the mean. The portion of the domain shown covers the areas of interest [Colour figure can be viewed at wileyonlinelibrary.com].

the inflation technique for the convective scale: for example,
spatially and temporally varying adaptive inflation (Ander-
son, 2009) in the GSI-EnKF DA system, for a more realistic
ensemble spread during the life cycle of the storms. The
number of reflectivity (Figure 5c,g,k,0,s) and radial velocity
(Figure 5d,h,1,p,t) observations assimilated varies from case
to case and depends on the maturity of the storms. The overall
quality of the observation-space diagnostics (Figures 4 and 5)
for reflectivity and radial velocity demonstrates that the DA is
tuned reasonably well for a fairly stable system. Importantly,
there is no indication of filter divergence during the 10-hr long
15-min cycled assimilation period.

42 |
forecast

Probability-matched mean rainfall

Unlike the traditional ensemble mean, the probability-
matched mean (PMM: Ebert, 2001) helps to retain the
high amplitude characteristics of the individual ensemble

members. The regridded! WoFS members are used to
calculate the PMM using a neighborhood approach (Ebert,
2009) with a radius of 15 grid points for 0—1-hr, 0-3-hr, and
0-6-hr accumulation periods (Figures 6-8). The PMM rain-
fall forecasts are compared with the NCEP Stage IV analysis
(Baldwin and Mitchell, 1997; Lin and Mitchell, 2005). The
Stage IV analysis consists of mosaicked national 1-hr and
6-hr precipitation estimates from the multi-sensors (radar and
rain-gauge measurements) produced by the 12 River Forecast
Centers (RFCs). The rainfall forecasts shown in the plots are
initialized such that the forecast covers the time period of
the observed intense rainfall from the events. Visual inspec-
tion shows that the O—1 hr PMM rainfall forecasts (Figure 6)
are remarkably similar to the observed stage IV rainfall for
all five cases. The explicit initialization of the storms in

'The 3-km horizontal grid spacing ensemble members are regridded to the
~4.7-km grid spacing Stage-IV analysis using the neighbor-budget
interpolation technique (e.g., Accadia et al., 2003).


http://wileyonlinelibrary.com

YUSSOUF AND KNOPFMEIER

2395

Quarterly Journal of the SIRMets

(2) 0-3h PMM Rainfall Forecast (D) Observed Stage IV Analysis
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(C) 0-3 h PMM Rainfall Forecast

Royal Meteorological Society

(d) Observed Stage I'V Analysis

Forecast Initialized at 0100 UTC, valid 0400 UTC 26 May 2015

3-h Rainfall Forecast

| [T | [ T

3.17 12.7 25.4 50.8 76.2 101.6 127 177.8 mm
025 050 1.0 20 3.0 40 50 6.0 in

FIGURE 7 Same as in Figure 6, but for 0-3-hr accumulated rainfall forecasts [Colour figure can be viewed at wileyonlinelibrary.com].

the ensemble system, owing to the frequent assimilation of
radar observations, clearly reduced the uncertainty of the
rainfall. While the WoFS seems to capture the most intense
rainfall reasonably well, there are differences in the location,
areal coverage, and magnitude of accumulated rainfall as the
forecast lead time increases (Figures 7 and 8). For example,
compared with the observed precipitation (Figure 7b,d), the
heaviest rainfall amounts are slightly underpredicted in the
3-hr PMM forecast (Figure 7a,c). The 6-hr PMM rainfall for
the May 23-24, 2017 Texas event (Figure 8e,f) predicts an
additional small area of high precipitation just south of the
main rainfall core, where stage IV shows much lighter rainfall.

43 | Ensemble-derived exceedance
probabilities of rainfall forecasts

The WoFS exceedance probabilities of rainfall totals are
calculated at raw model grid points and rainfall thresholds
ranging from 12.7 mm (0.5 inches) to 76.2 mm (3.0 inches)

are chosen to highlight the areas of most intense rainfall
(Figures 9—11), which can lead to flash flood. The thick black
contours overlaid are the observed Stage-IV rainfall for the
threshold amounts indicating the area. The black dots are
the NWS flash flood reports from storm data valid during
the forecast period. The location and timing of the flash flood
reports give an idea of the areal coverage and timing where
heavy rainfall led to flash flooding. Even though the flash
flood reports from the storm data are useful for validating
ensemble-derived forecast products, subjectivity due to the
human element in the flash-flood reporting process must be
taken into consideration when interpreting the results.

The 1- and 3-hr rainfall forecasts generate 100% probabili-
ties for the dominant precipitation core in the observed rainfall
area with good accuracy (Figures 9 and 10) and the probabil-
ity values are located closer to the flash flood reports. There
are a few areas where the WoFS indicates no rainfall fore-
cast in the observed location, for example to the south of the
high rainfall core for the April 26-27,2015 case (Figure 10a).
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(a) 0-6 h PMM Rainfall Forecast (b) Observed Stage IV Analysis
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M 'a,ﬁ:i??dﬁ

Forecast Initialized at 0200 UTC, valid 0800 UTC 27 April 2015

(C) 0-6 h PMM Rainfall Forecast

(d) Observed Stage IV Analysis

Forecast Initialized at 2200 UTC, valid 0400 UTC 7 May 2015

6-h Rainfall Forecast

| T [ [ T

3.17 12.7 254 50.8 76.2 101.6 127 177.8 mm
025 050 1.0 20 30 40 50 6.0 in

FIGURE 8 Same as in Figure 6, but for 0-6-hr accumulated rainfall forecasts [Colour figure can be viewed at wileyonlinelibrary.com].

During the longer 6-hr accumulation period (Figure 11), the
WOoFS forecasts a broad swath of higher probability values,
in particular for the 50.8 mm threshold (Figure 11a,c.e,g,i).
Most of the storm data flash flood reports are within the
ensemble probability envelope. However, closer inspection
reveals that the predicted 100% probabilities are at times
smaller than the observed rainfall cores, indicating ensem-
ble underdispersion later in the forecast period. Better design
of convective-scale ensembles for 0—6-hr forecasts will likely
alleviate the underdispersion of the system. Some rainfall
cores are even associated with zero probabilities. Factors
likely to play a role include deficiencies in parametrization
schemes for convective-scale modeling. Furthermore, there
are some displacement errors to the eastnortheast compared
with the stage IV rainfall contours, in particular for the May
6-7, 2015 central Oklahoma and May 26-27, 2015 south-
west Texas events (Figure 11c,d,g,h). The displacement is due
to the tendency of the forecast convective system to move
faster than the actual system, which is a common artifact
of convective-scale modeling (Snook et al., 2015; Wheatley
et al., 2015; Yussouf et al., 2015).

Additional insight into the ability of WoFS to pre-
dict flash flood potential is assessed by calculating the
ensemble-derived probability of 0-6-hr rainfall forecasts
exceeding NWS flash flood guidance (FFG: Schmidt ef al.,
2007; Clark et al., 2014). The FFG values are estimated by
the 12 RFCs over the conterminous United States to aid NWS
forecasters in monitoring and providing warning of impend-
ing flash flood threats. The FFG products, which are the
estimate of rainfall necessary over the next 6 hr to cause
rivers and small streams to overflow their natural banks, are
issued at 0000, 0600, 1200, and 1800 UTC each day. The FFG
products take soil moisture and stream-flow conditions into
consideration. The WoFS initialized at 0000 UTC is used to
calculate 0—6-hr accumulated rainfall probabilities exceeding
FFG issued at 0000 UTC. The WoFS rainfall probability val-
ues exceeding critical rainfall thresholds to cause bank-full
conditions (i.e., FFG) for all five case studies are shown in
Figure 12. The high probability values for the April 26-27,
2015 north—central Texas, May 67, 2015 central Oklahoma,
May 26-27, 2015 southwest Texas, and July 30-31, 2016
Maryland events correspond closely with the flash flood
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Forecast initialized at 2200 UTC, valid 2300 UTC 30 July 2016

FIGURE 9 Ensemble-derived probability of O—1-hr rainfall forecasts greater than (a, c, €, g, i) 12.7 mm (0.5 inches; colors, 5% increment)
and (b, d, f, h, j) 25.4 mm (1.0 inch) for the five cases. The thick black contour overlaid is the Stage-IV rainfall for the threshold values. The black
dots are the NWS flash flood reports from storm data during the forecast time period. The portion of the domain shown covers the areas of interest
[Colour figure can be viewed at wileyonlinelibrary.com].

reports (Figure 12a,b,d,e). The WoFS forecast probabilities verification of the probabilistic forecasts. The FSS measures
are comparatively low for the May 23-24, 2015 south—central ~  the spatial skill of rainfall, with a score of 1 indicating perfect
Texas event, which do receive as much heavy rainfall but are skill. The method used to calculate FSSs from the ensemble
still flooded according to the flash flood reports (Figure 12c). members follows Schwartz ef al. (2010; using their equations
While the probability of rainfall forecasts exceeding the FFG ~ 6-8), which is an extension of the FSS in Roberts and Lean
can provide insight into the ability of the WoOFS in flash  (2008) for ensemble-based probabilistic forecast verification.

flood prediction, caution should be taken when compar-  The thresholds for hourly rainfall during the 0—6-hr fore-
ing the FFG with WOFS rainfall amounts, since they are cast period range from 12.7 mm (0.5 inches) to 76.2 mm
not the same and thus may not always match well. Never- (3 inches). The FSSs are calculated using a neighborhood

theless, the overall forecast probabilities of exceeding FFG approach (Ebert, 2009), with several neighborhood radii rang-
clearly show the promise of the WoFS for short-term flash  ing from 3—36 km (Figure 13) over the same domain and time
flood threats. period as in Figures 6-11, using hourly Stage IV rainfall as
the observations.

The FSSs are considerably larger for smaller rainfall
thresholds (i.e., 12.7 and 25.4 mm, Figure 13a,b) than for
The fractions skill scores (FSSs: Duc et al., 2013; Schwartz higher thresholds (i.e., 50.8 and 76.2 mm, Figure 13c,d),
et al., 2010; Roberts and Lean, 2008) for hourly aggregated  indicating that the system is less skillful in forecasting the
rainfall from the five cases are calculated for quantitative  location of the most intense rainfalls. Higher rainfall amounts

4.4 | Fractions skill scores
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Probability of 0-3 h rainfall forecast excceding thresholds
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Forecast initialized at 2200 UTC, valid 0100 UTC 31 July 2016

Forecast initialized at 0200 UTC, valid 0500 UTC 26 May 2015
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FIGURE 10 Same as in Figure 9, but for ensemble probability of 0—3-hr rainfall forecasts exceeding thresholds 25.4 mm (1.0 inch) and
50.8 mm (2.0 inches) [Colour figure can be viewed at wileyonlinelibrary.com].

highlight smaller precipitation cores in both observations
and in forecasts, which likely reduces the overlap between
the two due to position and magnitude errors (Baldwin and
Kain, 2006; Yussouf et al., 2016). Consistent with the sub-
jective assessment from the probability forecast, the skill
scores decrease at longer forecast lead times, in particular
after 3—4 hr. Not surprisingly, the FSSs increase as the neigh-
borhood radii increase from 3-36 km. As the neighborhood
increases, more ensemble members overlap or agree, which
leads to higher FSS scores.

4.5 | Ensemble maximum rainfall from July
30, 2016 Ellicott City flash flood

The historic flash flood that occurred in Ellicott City, Mary-
land was highly localized in nature. The ELYM2 rain gauge,
which is part of the Hydrometeorological Automated Data
System (HADS), located in Ellicott City measured more
than 160mm (6.30inches) of rainfall over a 3-hr period

(Figure 14a). To estimate the WoFS predicted rainfall at the
ELYM?2 rain-gauge location, the maximum rainfall during
the same 3-hr period (forecasts are initialized at 2200 UTC)
is calculated from the ensemble members within a 9-km
neighborhood radius from the rain-gauge location. The WoFS
rainfall forecasts (Figure 14b) are of comparable magnitude
with the rain-gauge measured amounts (Figure 14a) during
the 3-hr accumulation period. The rain gauge measured a
total rainfall of 160.53 mm (6.32inches) at the end of the
3-hr accumulation period, whereas the WoFS forecast accu-
mulated rainfall at the end of same period is 148.84 mm
(5.861inches).

5 | SUMMARY AND CONCLUDING
REMARKS

The NOAA's WoF project is developing an on-demand,
high-resolution, ensemble-based, 0-6-hr NWP modeling
system capable of supporting NOAA's watch-to-warning
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FIGURE 11

Forecast initialized at 0200 UTC, valid 0800 UTC 26 May 2015

Probability of 0-6 h rainfall forecast
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Same as in Figure 9, but for ensemble probability of 0—6-hr rainfall forecasts exceeding thresholds 50.8 mm (2.0 inches) and

76.2 mm (3.0 inches) [Colour figure can be viewed at wileyonlinelibrary.com].

operations of severe convective storms and associated threats.
The WOoFS is a frequently cycled, convective-scale, ensem-
ble DA and prediction system. Multiple studies have shown
the potential of the WoFS for O—1-hr probabilistic forecasts
of severe thunderstorms and low-level rotations (Yussouf
et al., 2013a, 2013b; 2015; Wheatley et al., 2015; Jones
et al., 2016; Skinner et al., 2016). The system also demon-
strated skillful rainfall forecasts of an intense convective
rainfall and flash flood event (Yussouf et al., 2016). Accurate
short-term heavy rainfall forecasts are crucial for improving
flash flood warnings and precipitation nowcasting. To assess
the system's robustness to produce skillful 0—6-hr probabilis-
tic forecasts of heavy rainfall events that often lead to flash
flooding, multiple significant events from the 2015 and 2016
warm seasons are simulated in this study. Several WSR-88Ds
reflectivity and radial velocity observations and other rou-
tinely available conventional observations are assimilated
every 15min into a 36-member multiphysics, experimental

WOFS at 3-km horizontal grid spacing. The system uses
the WRF-ARW model and NWS operational GSI-EnKF DA
system. A series of 0—6-hr ensemble forecasts is initialized
from the frequently adjusted ensemble analyses at the top
of each hour, starting around 1-2 hr prior to the first flash
flood report.

The GSI-EnKF diagnostic statistics indicate stability dur-
ing the 10-hr long cycled assimilation window, indicating
the DA system is tuned reasonably well for radar reflectivity
and radial velocity observations. The PMM rainfall from all
five experiments is able to reproduce the convection and the
area of most intense rainfall with reasonable accuracy. In par-
ticular, the O—1-hr PMM rainfall forecasts matches NCEP's
Stage-IV analyses very well, suggesting that the convection is
initialized well in the ensemble. The ensemble-derived prob-
abilistic rainfall forecasts are skillful during 0-3 hr for the
intense rainfall that overlaps Stage-IV analyses and storm data
flash flood reports with reasonable accuracy in location and
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Probability of exceeding Flash Flood Guidance
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FIGURE 12 Ensemble-derived exceedance probability of 0—6-hr rainfall forecasts greater than the flash flood guidance (colors, 5%
increment). The black dots are the NWS flash flood reports from storm data during the forecast time period [Colour figure can be viewed at

wileyonlinelibrary.com].

amount of rainfall. The ensemble-derived forecast probability
of rainfall where FFG is being met or exceeded also signi-
fies the potential of the system to highlight areas of flash
flood threats. However, compared with the observed precip-
itation, the ensemble forecast for the longer 6-hr accumula-
tion period shows noticeable northeastward displacement in
the heavy precipitation core, with larger areal coverage of
100% probabilities, and misses several observed heavy rain-
fall cores where the forecast probability is 0%. These findings
demonstrate the challenges associated with developing a WoF
type system and motivate us to conduct future studies to
improve the ensemble configuration to better represent typical
0-6-hr forecast errors and reduce model errors. One possible
approach to add sufficient spread in WoFS is to incorpo-
rate a stochastically perturbed physics parametrization in the
ensemble design (Jankov et al., 2019 and references therein).
The quantitative FSS verification metric also paints a consis-
tent picture with the subjective assessments of the probability

forecasts. Not surprisingly, the FSSs are higher during the
~0-3-hr forecast period and the skill decreases during the
later forecast period.

Overall results show the potential of the WoFS in fore-
casting short-term heavy rainfall with higher accuracy and
specificity. The continuum of these frequently updated
0-6-hr rainfall forecasts can increase situational awareness
and warning lead times of heavy rainfall threats. The current
state-of-the-art distributed hydrologic models use observed
rainfall rates as the forcing mechanism to predict stream dis-
charge products (Gourley ez al., 2017) and thus do not provide
sufficient warning lead times for flash flood threats. Accu-
rate 0—6-hr rainfall products from a high-resolution WoFS
can provide a pathway for extending explicit flash flood
prediction lead times by using a forcing mechanism on the
distributed hydrologic model. Future work will evaluate the
potential of an integrated WoF-hydrologic modeling system
to increase probabilistic flash flood warning lead time.
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FIGURE 13 The fraction skill score (FSS) as a function of forecast hour for (a) 12.7 mm (0.5 inches), (b) 25.4 mm (1.0 inch), (c) 50.8 mm
(2.0 inches), and (d) 76.2 mm (3.0 inches) accumulated rainfall thresholds. The aggregated FSSs from the five cases are calculated from the

ensemble forecast sets and the domain sizes as in Figures 6-11, using different neighborhood thresholds. Details are shown in the legend [Colour

figure can be viewed at wileyonlinelibrary.com].
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(a) The observed total rainfall measured by the ELYM?2 rain gauge in Ellicott City, Maryland, and (b) the forecast ensemble
maximum rainfall total at the same location from 2200 UTC on July 30, 2016 to 0100 UTC on July 31, 2016 (1800-2100 Eastern Daylight Time).
The WOoFS is initialized at 2200 UTC [Colour figure can be viewed at wileyonlinelibrary.com].
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